For example, biomineralization in the sea urchin embryo results in oriented single crystalline spicules with complex, branching shape and smoothly curving surfaces (Fig. 1A) . [2] Unlike typical bulk crystal growth from solution, however, it has been shown that PMCs precipitate at least one transient amorphous phase that converts into the final, single-crystalline biomineral. [3] The mechanism of the disorder-to-order transformation remains poorly understood. While the weight fraction of organics occluded in the final crystal is less than 0.5wt%, there are more than 200 different proteins present. [4] The role of these proteins is not known, but may involve modulating a) surface energy during crystal growth; b) phase transformation kinetics of metastable precursors; and c) mechanical properties. We recently discovered that a recombinant protein, sea urchin vascular endothelial growth factor (rVEGF), controls spicule shape in PMC culture. [5] Depending on rVEGF concentration in the medium, PMC deposit linear, "h/H"-shaped, or triradiate spicules. Remarkably, the change from linear to triradiate occurs with a switch from bidirectional growth parallel to the calcite c-axis to growth along the three a-
Our long-term objective is to understand the role of individual proteins and emergent properties that result from the ensemble. Towards this goal, we are using electron optical methods (STEM-HAADF) to investigate the distribution of organics in the final biomineral. There is clear evidence for preferential adsorption of proteins on specific crystallographic faces (Fig. 1D) . Patterns of preferential adsorption depend on the crystallographic growth direction, supporting the hypothesis that at least some proteins are involved in modulating surface energy to control crystal growth. At the same time, three-point bending tests of in vitro-grown single crystals indicate an important role of organics for the strength of the biomineral (Fig. 1E) . In parallel to these experiments, we investigate the evolution of order in the biomineral using strontium as a pulse-chase probe for X-ray fluorescence microscopy (XFM, Fig. 2A ) and X-ray absorption spectroscopy (µ-XANES and bulk XAS; Fig. 2B-D) . Based on Sr K-edge XAS of cryo-frozen whole embryos, we propose that the initially deposited calcium carbonate has short-range order resembling synthetic hydrated amorphous calcium carbonate (ACC). [6] Within 3 h, the short-range order of calcite is established. Between 3 h and 24 h, the short-range order does not change, while longrange order increases. [7] In summary, the ability to stimulate and control the crystal deposition process in vitro sets the stage for a an in depth analysis of a complex hard/soft nanocomposite using electron and X-ray imaging and scattering approaches. We are confident that in combination with genetic engineering, our model system will enable unprecedented insights into biological single crystal growth and functional properties. , and 24h show increasing intensity of a peak at E=16,126 eV that is characteristic of calcite. C. Sr K-edge bulk XANES spectra are qualitatively identical to µXANES spectra, but have significantly improved signal-to-noise ratio. D. Bulk Sr K-edge EXAFS R-space spectra demonstrate the evolution of calcite order.
